Abstract-Axial flux Permanent Magnet (AFPM) machines, due to its high torque capability, high power density and compact size, are the most suitable candidates for in-wheel Electric Vehicle application. However, the presence of cogging torque in AFPM machines, resulting from the interaction of PMs and stator slots, introduces torque ripples, noise and vibrations which deteriorates the performance of the machine. To overcome this, several techniques for cogging reduction are utilized. Out of various techniques, rotor magnet shape variation is most commonly utilized. This paper investigates the effect of some preferred magnet shaping techniques in AFPM machines on several performance parameters such as magnetic flux density distribution in air gap, cogging torque, flux linkage, no loadinduced emf, emf harmonics, electromagnetic torque and torque ripple. These parameters were analyzed using 3-D Finite Element Method (FEM) based simulations. It was found that a maximum cogging reduction by 62.49% and output torque ripple by 63.25% were obtained by using short-pitched and skewed rotor magnets. This also resulted in a reduction of induced emf by 14.18% and electromagnetic torque by 15.17%.
INTRODUCTION
The introduction of Permanent Magnets (PM) in electrical machines has increased their torque and power capability. The advent of rare earth permanent magnets has led to further enhancement in their performance. In this category, the Axial Flux Permanent Magnet (AFPM) machines provide high level of compactness in addition to high torque, power density and torque to weight ratio. This makes it suitable for tractive and industrial applications. However, for low speed and precise positioning applications, the cogging torque phenomenon in AFPM machines becomes predominant and adversely affects their performance.
Numerous methods for cogging torque reduction in PM machines are available in literature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . These methods may be classified under two categories, namely, stator modification techniques and rotor modification techniques. The former technique includes stator slot skewing [1] [2] [3] , slot opening variation [1, 4] , tooth shaping [4] , dummy slots/tooth [1] , fractional slots per pole [1, 9] and [10] , etc. The later method comprises magnet shaping [5] , optimizing magnet pole arc to pole pitch ratio [1] , pole arc offset [6] , narrowing rotor pole embrace [7] , pole-slot combination [1, 8] , magnet skewing, etc. In axial flux machines, the stator laminations are spirally wound due to which cutting of slots in it is difficult. Therefore, its customized design for cogging reduction is much complex and costly [11] . Thus, the stator modification techniques are generally not employed in AFPM machines and hence, are less popular. On the other hand, most of the rotor modification techniques for cogging reduction are mainly based on magnet shape variation, which is comparatively more practical and cost-effective, and hence, more common in such machines.
The above discussed techniques necessarily reduce the cogging torque of the machine but may also affect its performance adversely. In [7] , the authors have discussed the effect of narrowing pole arc embrace on cogging torque and efficiency of a PM BLDC motor. Pole arc offset technique was used in [12] to reduce harmonics and obtain sinusoidal voltage. The authors in [13] introduced slits on the stator and rotor teeth and investigated their effect on torque and efficiency of an induction motor. The efficiency of Line Start PM Synchronous motor was compared in [14] by changing the rotor pole geometry and type of magnet material. In [15] also, different PM materials were used to investigate its effect on torque and efficiency of a spherical motor. The performance comparison of internal and external rotor PM machines with same PM geometry was obtained in [16] . However, such type of study for Axial Flux PM machines has not been conducted so far.
In this paper, some common magnet shaping and displacement techniques applied to cogging reduction in AFPM machines are taken for analysis. The shapes are selected after critical literature review based on their effectiveness to achieve maximum cogging reduction. For such techniques, the performance parameters of the machine such as magnetic flux density distribution in air gap, flux linkage, no load-induced emf, emf harmonics, electromagnetic torque and torque ripple in addition to cogging torque are analysed. The objective of this analysis is to help machine designers to wisely select these modifications depending on their specific application requirement, i.e., whether the application demands smooth and noiseless operation or high output torque is required. For this analysis, a 3-D model of the machine is prepared on FEM based software and simulated. In the next section, 3-D modelling of AFPM machine has been presented. Section 3 discusses various magnet shapes selected for study. The effect of such shapes on various mentioned performance parameters of the machine has been obtained in Section 4. In Section 5, comparison of results and observation is presented. Conclusion of the paper is discussed in Section 6.
3-D MODELLING OF AFPM MACHINE
To investigate the impact of various magnet shapes on the discussed performance parameters of AFPM machine, the use of software tools is a common practice. This can be cited from [17] in which computer aided design of Linear PM Synchronous machine was obtained. Software based design of electrical machines can also be referred from [2, 3, 5, [12] [13] [14] [15] [16] . FEM based softwares such as Ansoft Maxwell, JMAG, etc. exploit numerical method to obtain analysis results. In addition to numerical method, design modifications can also be modeled analytically as discussed in [18] . Although the analytical calculations are very accurate and provide an insight into the basic causes of cogging, AFPM machine requires mathematical deductions in 3-D which becomes much more complex. However, the FEM based software tools provide a simplified platform to model any design improvements and perform various analyses with precise results. Thus, a 3-D model of AFPM machine as shown in Figure 1 is prepared using Maxwell software to perform this study.
The model of AFPM machine shown in Figure 1 is prepared using the specifications given in Table 1 . The parameters of Table 1 have been obtained using design calculations for a small-sized circular loom application motor of 750 W, 120 V, 4 A, 750 rpm. The simulation software provides option for selection of solid or laminated core for stator. In this study, laminated stator core is opted having equal angular widths of tooth and slot. 3-phase non-overlapping winding was used for stator excitation. The rotor having 8 magnet poles with a back iron is also modeled. The various analysis results are obtained using magnetostatic as well as transient analysis of the model.
The pole-slot combination of the machine is chosen in such a way to obtain maximum symmetry and minimum unbalanced magnetic pull. The machine symmetry is obtained as the Highest Common Factor (HCF) between the number of stator slots and rotor pole pairs. The higher the HCF is, the higher the machine symmetry is and the lower the unbalanced magnetic pull is.
MAGNET SHAPES FOR COGGING REDUCTION
As discussed earlier, the rotor modification techniques for cogging reduction are more common than stator techniques due to their reduced complexity and cost-effectiveness. The rotor techniques are mainly based on rotor magnet shape variation. From the literature review, it is observed that the short-pitching and skewing of magnets are the most effective and commonly preferred technique for cogging reduction in both radial and axial flux machines. In addition to this, the magnet displacement technique is also utilised in axial flux machines. In view of this, such magnet shapes that contribute towards maximum cogging reduction are selected, and their influence on various performance parameters of the machine is investigated. The various magnet shapes taken are shown in Figure 2 and discussed as follows.
Short-Pitched Magnet
Figure 2(a) shows a full-pitched unskewed magnet pole. This magnet shape is taken as a reference for comparison with other magnet shapes. For an 8-pole rotor, this magnet has a pitch of 45 mechanical degrees. The pitch of this magnet can be reduced from 45 mechanical degrees by a certain ratio to obtain a short-pitched magnet as shown in Figure 2 (b). It can be cited from [1] that the optimal value of pole arc to pole pitch ratio, α p , to obtain minimum cogging torque, neglecting fringing of magnet flux, can be obtained from the expression
where N = N c /2p, N c is the least common multiple between the number of stator slots and rotor poles, p the number of rotor pole pairs, and Q s the number of stator slots. Thus, for the specifications of AFPM machine given in Table 1 , the optimal value of pole arc to pitch ratio can be calculated. For 12 slots and 8-pole combination, three possible values of α p are obtained as 0.33, 0.67 and 1. Taking the value of α p as high as possible to minimize the reduction in air gap flux density and output torque has also been suggested in [1] . From this point of view, the optimal value of α p is selected as 0.67 which corresponds to 30 mechanical degrees or 120 electrical degrees.
Skewed Magnet
Magnet skewing is a technique for cogging reduction in which the slices of the regular magnet are gradually shifted as shown in Figure 2(c) . The angle by which the magnet slices are shifted is referred to as skew angle. The optimal value of magnet skew angle, α sk , to obtain minimum cogging torque as obtained from [1] and [5] is expressed as
From the above expression, the optimal value of α sk for a 12 slots 8-pole machine is obtained as 7.5 • and 15 • . It was observed in [5] that the peak to peak value of cogging torque decreases with increase in skew angle, α sk . In the present case, the maximum optimal value of α sk is 15 • . Hence, the skew angle of 15 • has been selected for study.
Both Short-Pitched and Skewed Magnet
The combination of the above discussed magnet shaping techniques may result in a different magnet shape as shown in Figure 2(d) . the resulting magnet shape can be called as both short-pitched and skewed magnet. For this technique, the optimal value of short-pitch angle, α p , and skew angle, α sk , are taken equal to those calculated in Sections 3.1 and 3.2. Thus, 120 electrical degrees short-pitched and 15 mechanical degrees skewed magnet is selected in this category.
Relative Magnet Displacement
This method is valid only for short-pitched magnets. In this method, the consecutive short-pitched magnets are displaced with respect to each other as discussed in [18] . The magnets may be shifted as shown in Figure 2 (e). In this case, the short-pitching angle is taken same as that calculated earlier.
The optimal displacement by one-fourth slot-pitch is selected as obtained in [18] for minimum cogging. The cogging torque waveform obtained due to the above discussed magnet shapes is depicted in Figure 3 . It can be observed that the peak value of cogging torque gets reduced from 8.37 Nm for unskewed magnet to 7.3 Nm for 15 • skewed magnet. This is mainly because the cogging torque component waveforms due to each magnet get displaced slightly as a result of skewing. This causes cancelation of waveforms and hence, reduction of the resultant cogging torque. When the magnets are short-pitched, the number of tooth faced by each magnet pole at an instant gets reduced. This causes reduction in magnitude of cogging torque. For 30 • mechanical short-pitched magnets, the cogging torque peak gets reduced to 3.7 Nm. For both short pitched and skewed magnets, the peak cogging torque has a minimum value of 3.14 Nm. For displaced magnets, the peak value is observed as 4.43 Nm with an increase in periodicity. 
INFLUENCE OF MAGNET SHAPES ON PERFORMANCE
The magnet shapes discussed in the previous section were selected in such a way that the cogging torque reduction achieved is high. However, the machine with minimum cogging torque does not assure best performance. Thus, the magnet shapes that achieve high cogging reduction must be investigated for their effect on performance. In view of this, various performance parameters such as air gap flux density distribution, flux linkage, no load-induced emf, emf harmonics, electromagnetic torque, torque ripple and unbalanced magnetic force on stator have been analysed in this section as follows.
Air Gap Magnetic Flux Density Distribution
The variation in the shape of rotor magnet poles leads to change in the magnetic flux density distribution in the air gap. As a result, the magnitude and waveform shapes get altered. Figure 4 shows the variation in z component of air gap flux density distribution in the air gap at different radii of the machine. It can be observed from the figures that flux density waveforms at different radii overlap each other due to unskewed magnets, while the waveforms get slightly displaced due to skewed magnets. This is obvious as the magnet slices are also shifted from their actual position. The comparison in z-component of flux density distribution in the middle of the air gap at a given radius is shown in Figure 5 . It can be observed that for full-pitched magnets, the width of the peak flux density under each magnet is more than that of short-pitched magnets. Due to this, the magnitude of flux density for shot-pitched magnets gets reduced. This in turn reduces the magnitude of parameters such as induced emf and electromagnetic torque. 
Flux Linkage
The magnet shape variation also affects the flux linkage through the stator windings of the machine. When the magnets are short-pitched, the gap between two consecutive magnet poles increases. This causes increase in magnet leakage flux. Thus, the magnitude of linkage flux through the stator windings decreases. This is illustrated in Figure 6 which shows the variation of flux linkage with rotor mechanical position. It can be observed from the figure that the peak of flux linkage waveform for full-pitched magnets is higher than that for short-pitched magnets. For displaced magnets, the flux linkage waveform is also slightly displaced with respect to other waveforms. 
No Load Induced emf
The no load induced emf in the stator windings of a machine is totally dependent on the air gap flux density distribution, flux linkage and rotor speed. As discussed earlier in Sections 4.1 and 4.2, the variation in rotor magnet shapes from full-pitch to short pitch reduces the amplitude of air gap flux density and flux linkage, while magnet skewing distorts their waveform shape. The no load induced emf in the windings also follows the same pattern. It can be elucidated from Figure 7 that the peak value of no load induced emf at 750 rpm for full pitched magnets is the highest, having a value of 190 V for full- pitched unskewed magnets and 186 V for full-pitched skewed magnets. As the magnets are short-pitched, the emf amplitude is reduced to 164 V for short-pitched unskewed magnets and 162 V for short-pitched skewed magnets. For displaced magnets, the waveform shape becomes highly unsymmetrical having a positive peak of 107 V and negative peak of 200 V. This is mainly due to high leakage flux at the position where the gap between the magnets becomes large due to displacement. The Fast Fourier Transform (FFT) of the voltage waveforms is shown in Figure 8 . It can be seen from the figure that the fundamental harmonics of induced emf also presents a similar pattern as already discussed. For displaced magnets, the second harmonics component is high due to the unsymmetrical magnet placement and is also reflected in the emf waveform.
Electromagnetic Torque and Torque Ripple
The electromagnetic torque of the machine at rated load current of 4 A for different magnet shapes is obtained as shown in Figure 9 . Since the discussed variations in magnet shapes causes reduction in net magnitude of air gap flux density and also distorts its waveform shape, the electromagnetic torque, being proportional to air gap flux density, also gets deteriorated accordingly. It was found that the average electromagnetic torque for full-pitched unskewed magnet rotor was 19.24 Nm, and that for full-pitched skewed magnets was 18.31 Nm. When short-pitched magnets are used, the torque becomes 16.96 Nm for short-pitched unskewed magnet and 16.32 Nm for short-pitch skewed magnets, which is minimum among the discussed magnet shapes. For displaced magnets, torque is obtained as 16.78 Nm. Thus, it can be inferred that although the discussed magnet shapes attain significant cogging reduction, a compromise in electromagnetic torque must be tolerated. Since the discussed magnet shapes achieve considerable cogging torque reduction, the improvement in electromagnetic torque ripple is evident. It can be observed form Table 2 that the peak to peak value of electormagnetic torque gets reduced from 19.29 Nm for full-pitch unskewed magnet to 7.09 Nm for short-pitched and skewed magnet, which corresponds to a reduction by 63.25%.
COMPARISON AND OBSERVATION
The comparison of various performance parameters of AFPM machine due to variation in magnet shapes is presented in Table 2 . The presented comparison is based on the percentage reduction obtained in • skewed rotor magnets has a maximum cogging reduction by 62.49% as compared to the machine having full-pitched unskewed magnets. However, the per phase no load induced emf and electromagnetic torque for this machine also shows a degradation by 14.18% and 15.17%, respectively. The output torque ripple got reduced by 63.25% which is a much significant achievement to attain smooth and noiseless operation. Other magnet shapes also show a similar variation in performance parameters. For displaced magnets, in addition to torque ripple reduction and performance deterioration, harmonics are also introduced in the emf waveform. This is not recommended from the point of view of reduction in power factor.
CONCLUSION
In this paper, several magnet shapes commonly utilised for cogging torque reduction in AFPM machine were discussed and their effect on the performance of the machine was investigated. For this, Finite Element Analysis of the machine was performed in 3-D using Maxwell software, and the performance parameters such as flux density distribution, flux linkage, no load induced emf, electromagnetic torque and torque ripple were evaluated. It was found that among various discussed magnet shapes, a maximum reduction of 62.49% in cogging torque and 63.25% in output torque ripple was observed by simultaneous short-pitching and skewing of rotor magnets. However, the air gap magnetic flux density and winding flux linkages also got reduced which resulted in decrement of induced emf and output torque by 14.18% and 15.17%. From this analysis, it can be concluded that although the discussed magnet shapes may be best suited for minimizing cogging torque and torque ripples, they may not furnish best performance. There always exists a trade-off between output torque and torque ripple. Thus, a compromise must be made between output torque and torque ripples of the machine depending on specific application requirements.
